Introduction
============

Cancer, one of the most fatal diseases, causes significant morbidity and mortality worldwide. Therefore, development of novel drugs to treat cancer is always needed ([@B1]). Inhibition of microtubule function causes serious cellular dysfunction leading to cell death. There are a number of small molecules, which bind tubulins at the colchicine binding site and interfere with microtubule polymerization, and hence arrest the cell cycle, leading to cell death ([@B2]-[@B5]). Numerous structure--activity relationship (SAR) studies have focused on features that bind to tubulin at the colchicine binding site, suggesting that the important pharmacophoric components include adjacent trimethoxyphenyl and *p*-methoxyphenyl units positioned in a *cis*-configuration as presented in [Figure 1](#F1){ref-type="fig"} ([@B6]-[@B8]). Although the improved potencies were found using the substituted monocycle-bridged analogues ([@B9]), however, compounds with the bicyclic systems as the bridge have also shown strong bioactivities ([@B10]). Based on the available SAR information, we have previously synthesized a new series of spiroisoxazolines and evaluated their antiproliferative activities ([@B11]). The aim of the current study was to show the key interactions of these novel molecules containing the spiroisoxazoline scaffold with tubulin as their potential target. These spiroisoxazoline derivatives can be considered as hybrid structures exhibiting aspects of combretastatin A-4 ([Figure 1](#F1){ref-type="fig"}) as an inhibitor of the tubulin polymerization by binding at the colchicine site, and spiroisoxazoline structure as known anticancer scaffold ([@B12]-[@B15]).*In-vitro*studies also proposed cytotoxic effects for spiroisoxazoline type compounds on U937 lymphoma cells ([@B16]). Moreover, Bennani and co-workers have recently investigated the anti-breast cancer activity of some spiroisoxazoline derivatives ([@B12], [@B15], [@B17]). In this work, we report the docking studies on five spiroisoxazoline derivatives previously shown to have antiproliferative activities ([Table 1](#T1){ref-type="table"}) at the colchicine binding site.

![Chemical structures of antitubulin agents (Colchicine, CombretastainA-4) and our designed scaffold.](ijpr-14-141-g001){#F1}

###### 

Structure of 3\',4\'-bis (substituted phenyl)-4\'H-spiro\[indene-2,5\'-isoxazol\]-1(3H)-one derivatives 1-5.

  --
  --

Experimental
============

**Preparation of the compounds for docking study**

3D structures of the spiroisoxazoline derivatives were generated using HyperChem (version 7.0). The initial structures were first minimized using the MM+ force field ([@B18]). Then, those structures were fully optimized based on the semi-empirical quantum mechanics AM1 method, available in HyperChem ([@B19]). The output structures were converted to SYBYL Cartesian coordinate files (mol2 file format) using OpenBabel (version 2.3.2) in order to be imported into GOLD (Genetic Optimisation for Ligand Docking) for docking calculations ([@B20], [@B21]). The docking results were analyzed using PyMol software.

**Molecular docking study**

Application of *in-silico* methods such as quantitative structure-activity relationship ([@B22]), docking ([@B23]) and molecular modeling ([@B24], [@B25]) studies is one of the inevitable parts of modern drug design and development process. Flexible docking of the spiroisoxazoline derivatives ([@B1]**-**[@B5]) was carried out using the GOLD (version 5.0) program running under Linux OS. The crystal structure of tubulin (PDB code: 1SA0) was obtained from the Protein Data Bank at RCSB (http://www.rcsb.org). The binding cavity was determined based on the binding location of colchicine co-crystallized with tubulin, and then the colchicine molecule was removed and the spiroisoxazolines as well as colchicine itself were docked into the binding site. The protein structure was prepared for docking using GOLD, and docking was performed by defining a "point" central to the important residues involved in the binding. All atoms within a 10Å radius from the identified "point" were selected as the active atoms included in the calculations and then the flexible docking was carried out using force field parameters implemented into ChemPLP scoring function of GOLD suite. The interactions between ligands and tubulin at the colchicine binding site were visualized by using PyMOL (v0.99) program.

Results and Discussion
======================

Five spiroisoxazoline derivatives containing antitubulin pharmacophoric elements were docked into the colchicines binding site of tubulin structure. Docking simulations were performed to predict the modes of interactions of the spiroisoxazoline compounds ([@B1]-[@B5]) with their tentative binding site. The ChemPLP scoring function uses the piecewise linear potential (f~PLP~) to model the steric complementarity between protein and ligand, in addition to the distance and angle dependent hydrogen and metal bonding terms (f~chem-hb~, f~chemcho~, f~chem-met~). The internal score of the ligand consists of the heavy-atom clash potential (f~lig-clash~) as well as the torsional potential (f~lig-tors~). ChemPLP fitness function is also capable of covalent docking (f~chem-cov~), considering flexible sidechains (f~chem-prot~) and explicit water molecules as well as handling constraints (f~cons~). The structural models of the compounds ([@B1]-[@B5]) bound to tubulin at the colchicine site are shown in [Figures 2](#F2){ref-type="fig"} and [3](#F3){ref-type="fig"}. Analysis of the docked pose of compound 1 in the colchicine binding site of tubulin demonstrates that it is stabilized by a hydrogen bond formed between the oxygen atom of the methoxy group in one of the *meta* positions on ring A and the sulfhydryl group of the Cys^241^ side chain (angle O\-\--H---S =153.8°, distance = 2.1 Å). Whenever the *meta*-methoxy group on ring A is involved in hydrogen bonding, that group is positioned distal relative to the ring B. The patterns of hydrogen bonds formed between docked compounds and the binding site of tubulin are summarized in [Table 2](#T2){ref-type="table"}.

![Representation of the binding mode of compound 3 (colored according to the atom type) at the colchicine binding site of tubulin illustrated using PyMOL v0.99. Tubulin experimental structure (PDB code 1SA0) was used for the docking calculation and the essential amino acid residues at the binding site are indicated. The yellow dotted lines show the hydrogen bonds and distances.](ijpr-14-141-g003){#F2}

![Three-dimensional superimposed representations of the colchicine (yellow and stick) and spiroisoxazoline compounds ([@B1]-[@B5]) (colored according to the atom type) docked at the colchicine binding site of tubulin using GOLD. 3D images were generated using PyMOL v0.99.](ijpr-14-141-g004){#F3}

###### 

Hydrogen bonding patterns of spiroisoxazoline compounds 1-5 revealed from docking calculations.

  ------------------------------------------------------------------------------------------------------
  **Compound**   **Hydrogen bonding pattern**                                         
  -------------- ------------------------------ ------------------------------ ------ ------------------
  1              SH of Cys^241^                 O atom of ring A *meta*-OMe    3.3    Two-center (1)

  2              SH of Cys^241^                 O atom of ring A *meta*-OMe\   3.3\   Three-center (1)
                                                O atom of ring A *para*-OMe    3.3    

  3              SH of Cys^241^\                O atom of ring A *para*-OMe\   3.3\   Two-center (2)
                 Amide H of Lys^352^            O atom of ring B para-SO2Me    3.2    

  4              SH of Cys^241^\                O atom of ring A *para*-OMe\   3.4\   Two-center (2)
                 H ND2 of Asn^258^              O atom of ring B *para*-OMe    3.1    

  5              SH of Cys^241^\                O atom of ring A *meta*-OMe\   3.3\   Two-center (2)
                 H ND2 of Asn^258^              O atom of ring B *para*-OMe    3.0    
  ------------------------------------------------------------------------------------------------------

Furthermore, the 3,4,5- trimethoxy moieties on ring A of compound 1 enter deep into a hydrophobic pocket and interacts with hydrophobic residues Val^238^, Cys^241^, Leu^242^, Leu^255^, Ala^316^, Ala^317^, Val^318^ and Ile^378^. The phenyl moiety on 4' position (ring B) and spiroisoxazolin motif occupy the remainder of the pocket and shows hydrophobic interactions with the side chains of Leu^248^, Ala^250^, Lys^254^, Asn^258^, Met^259^, and Lys^352^. The docked pose of compound 2 at the colchicine binding site of tubulin demonstrates an interaction pattern very similar to that of compound 1 outlined above with the 3,4,5-trimethoxy groups on phenyl ring A involved in hydrophobic interactions with the side chains of Leu^242^ and leu^255^. The 4-methoxy phenyl (ring B) at the 4' position of this compound interacts with residues Lys^352^ and Met^259^. One noticeable difference is that the binding of compound 2 is further stabilized by a three-center hydrogen bond involving the SH of Cys^241^ and two oxygens of methoxy groups on ring **A** at the *meta* (angle O~o~\-\--H---S =130.1°, distance = 2.3 Å) and *para* (angle O~p~\-\--H---S =124.0°, distance = 2.4 Å) positions. Compound 3 when docked into the colchicine binding site of tubulin ([Figures 2](#F2){ref-type="fig"}) shows two hydrogen bonds, one between the *para*-methoxy group of ring A with Cys^241^ (angle O~p~\-\--H---S =125.5°, distance = 2.3 Å), and the other between the oxygen atom of the sulfonyl (\>SO2) functional group of 4-methylsulfonyl moiety on ring B with the amide hydrogen of Lys^352^ (angle O\-\--H---N =124.2°, distance = 2.5 Å) residue. In addition, the 3,4,5- trimethoxyphenyl moiety at 3' position of compound 3 enters the hydrophobic pocket and interacts with Val^238^, Leu^242^, Ala^316^, Ala^317^, Val^318^ and Ile^378^. The 4-methylsulfonyl group on ring B also makes hydrophobic contacts with the apolar residues in the binding pocket described previously. In compounds 4 and 5 it is clear that the hydrophobic pocket of the colchicine binding site was occupied by rings A and B plus the groups substituted on these rings. Additionally, the binding of compounds 4 and 5 to tubulin is stabilized through two hydrogen bonds. In the case of former compound, one H-bond is formed between the ring A *para*-methoxy group and side chain of Cys^241^and the other is formed between ring B *para*-methoxy group and one of the hydrogens of ND2 nitrogen of Asn^258^. These H-bond interactions are also seen for compound 5 with the difference that instead of the *para*, it is the *meta*-methoxy oxygen which is involved in H-bonding with Cys^241^. The residues noted were also found to be involved in the binding of colchicine with tubulin. [Figure 3](#F3){ref-type="fig"} shows three-dimensional superimposition of colchicine and compounds 1-5 while docked into the colchicine binding site and supports the idea that the active compounds are well incorporated in the binding pocket.

Conclusion
==========

Introducing novel and efficient approaches to treat cancer has been a goal for many projects, and the development of new antitumor agents plays an important role toward fulfilling this aim. Investigation of the hydrogen bonding patterns revealed from the docking of the studied antiproliferative spiroisoxazolines shows that both of the methoxy groups located at the *para* and distal-*meta* positions of ring A of these compounds are capable of providing the acceptor oxygen atoms in the hydrogen bonding interactions to Cys241. This study indicates that 3\',4\'-bis (substituted phenyl)-4\'H-spiro\[indene-2,5\'-isoxazol\]-1(3H)-one is a suitable scaffold for designing new antitubulin agents, such as those derivatives presented in this study, and may be helpful in the search for novel classes of potent anticancer agents. In summary, the results of the molecular docking studies indicate the importance of the spiroisoxazolines skeleton and 3,4,5-trimethoxyphenyl moiety in establishing hydrogen bonds and hydrophobic interactions in a synergistic fashion leading to proper tubulin binding capabilities of compounds possessing such groups. Accordingly, the results may suggest that the studied compounds interact with tubulin in a similar fashion observed for colchicines, and hence strongly recommend biological evaluation of the designed compounds for their anti-tubulin activities using specific tests
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